Abstract: Growing population and increased demand for food, inefficient resource use and food distribution, environmental impacts, and high rates of food wasted at all stages of the food system are all calling for transition towards more sustainable practices. In this article we apply the concept of circular economy to the case of a sustainable food system. Furthermore, we explore the transition towards a circular food system through the lens of socio-technical transition theory towards sustainability. We discuss challenges and potential solutions for the production stage (focusing on nutrient flow), the consumption stage (focusing on meat consumption), and food waste and surplus management and prevention.
Introduction
Our current food production and consumption habits are unsustainable. Food production generates various environmental impacts, such as eutrophication and increased CO 2 emissions [1] [2] [3] . As per different estimates, approximately 30%-50% of food intended for human consumption is wasted at different stages of the food system [4, 5] . Current inefficiency in the food economy means we lose productivity, energy, and natural resources, and also bear the costs of throwing food away. More pollution and greenhouse gases are also created as a result of these processes. According to the UN's Food and Agriculture Organization [5] , the inefficiencies of the food economy cost, globally, as much as a trillion dollars a year, or even two trillion dollars when social and environmental costs are included. Circular economy offers tools to enhance and optimize for sustainability within the Western food system. Three stages of the food system in a circular economy. Circular economy regarding the food system implies reducing the amount of waste generated in the food system, reuse of food, utilization of byproducts and food waste, and nutrient recycling. The measures must be implemented both at the producer and consumer levels, and finally in the food waste and surplus management.
In this paper, food production focuses on nutrient cycling where producers play a large role. Food consumption is related to the efficiency of food consumption. Food waste and surplus management refers to utilization of by-products and food waste in the production phase and to reuse of food and surplus avoidance in the consumption stage, mainly based on consumer competence and skill. Figure 1 illustrates that food waste and surplus are generated both in the production and consumption stage.
The paper highlights the key issues and findings brought up in HENVI Science Day titled "Towards Circular Economy-Designing a Sustainable Food Cycle" that took place on 21 April 2015 in Helsinki, Finland. Moderated, recorded roundtable discussions were central to the HENVI Science Day and participants included scientists, researchers, and representatives from private and public sectors and NGOs. The findings in this commentary paper are based on the recorded discussions and presentations in the event. This paper is intended to stimulate thought and it is hoped that the presented findings can be used in further research and analyses on circular economy and circular food systems. Potential solutions and policy recommendations are presented in order to assist the transition of experiments offered by circular economy into mainstream practice for promoting more sustainable food systems.
We start with shortly presenting transition theory and how it is applied here. Secondly, we highlight the key ideas brought up in the HENVI Science Day grouped under the three stages of the food system. Due to the background of the participants in the event, the discussed policy context is EU-oriented and practical examples mostly represent the Finnish situation. However, global interdependence of flows and activities in the food system is taken into account. As brought up in the HENVI Science Day, we consider potential solutions for each of the stages of the food system and give examples of experiments that have emerged. Finally we present some thoughts on how to achieve a transition towards circular economy in the food system. 
Theory of Socio-Technical Transitions to Sustainability
Socio-technical transitions are long-term and fundamental transformation processes through which established socio-technical systems shift to more sustainable modes of production and consumption [10] . These processes engender change in infrastructures and technologies, as well as citizens' competencies, practices, and world views [11, 12] . Careful analysis of practical examples and experiments offers a good foundation for designing and adapting policy frameworks on the basis of barriers and opportunities identified. Experimentation does not mean neglecting policies; rather, it recognizes the need for providing space for the transition to be developed from both the bottom-up and top-down, simultaneously.
New approaches are rarely viable as such when they emerge. Geels and Schot (p. 400, [8] ) present a multilevel perspective to sustainability transition where "niches" form a local level platform: "Technological niches form the micro-level where radical novelties emerge. These novelties are initially unstable socio-technical configurations with low performance". Experiments (novelties) are carried out and developed at the niche level by small networks of dedicated actors, often outsiders. Such experiments aim to create something new and concrete that is restricted in terms of time, space, scope, and actors, but that has the potential of having wider societal relevance through various up-scaling mechanisms [13] . These local niches can serve as protective spaces for new solutions to evolve: for the developers to find sensible and user-friendly ways of providing services, for users to learn to use them and adapt them to their everyday life, and for regulators to learn how to govern them [14, 15] . The theory of multilevel socio-technical transitions has been successfully applied to many cases but it has also received some criticism regarding delineation, possibilities of cross-fertilization between regimes, and characteristics of niches to serve as a platform for continuous development of the novel technology, not only for emergence of novelties [16] .
Experiments offer opportunities for many kinds of learning and competence development: technological, social and institutional. However, learning and upscaling from experiments requires dedicated work and systematic transfer of lessons learned [17, 18] . Experimentation is triggered by an intentional destabilization of existing institutions and routines in that actors are seeking to explore novel possibilities and outcomes of informed deliberation. Careful analysis of practical examples and experiments offer a good basis to design and adapt policy frameworks on the basis of barriers and opportunities recognized.
Berkhout et al. [19] have criticized transition theory for its emphasis on bottom-up approaches at the cost of top-down activities. While experiments and niches are of high importance in the process of transition, there is no less urgency in transitioning of the whole system towards greater sustainability. It must be noted that not all emerging experiments are viable or prove to be sustainable. However, they indicate the beginning changes at niche levels. In this paper we apply transition theory in analyzing possibilities for a transition towards circular economy regarding the food system. While focusing on the changes that can be upscaled from the niche level, we also highlight that the change should also come from the mainstream level.
Problems at Different Stages in the Food System
We focus on three stages of the food system regarding circular economy: food production, food consumption, and food waste and surplus management (Figure 1 ).
Food Production
The growing population, especially the increasing proportion of the middle class, leads to increasing demand for nutrients needed for food production. Demand for nutrients, especially phosphorus (P), is growing drastically faster than the human population due to a shift to meat-based diets, which require far more P than plant-based diets [1] . The main driver of sustainable P use has been water pollution concerns. However, the scarcity of phosphate rock, which is a non-renewable resource, is increasingly putting pressure on developing methods and policies for the recovery and reuse of P from multiple sources in the human system e.g., human and animal excreta and food and crop waste [20, 21] . In addition to the recovery and reuse of P as recycled fertilizer, also increased efficiency of P use in agriculture will be a key to ensure food security [22] . It is estimated that 21% of P fertilizer input into arable soil is eventually ingested by humans and 57% is lost to inland and coastal waters (p. 297, [23] ). The European Union (EU) has listed P as a critical raw material [24] .
In addition to vast nutrient losses, there is an increasing nutrient imbalance throughout the globe. Rich countries accumulate nutrients in their arable soil while poor countries do not have equal access to nutrients and their soil suffers from severe P deficit and accordingly low agricultural production [25] . Meat production is one of the most nutrient-intensive agricultural sectors. Thus, industrialized livestock production and trade create a vast virtual trade in nutrients, land, and water, which are used at the production site but not embedded in the product, as e.g., Japan's intensive chicken and pig meat import imply that half of Japan's virtual nitrogen total is lost in the US [26] .
This nutrient imbalance is also exacerbated by structural development of industrialized agriculture in which animal and plant production are concentrated in separate areas. Across Europe and other areas with high concentrations of livestock, agricultural structural development results in excess manure in places where soils are already saturated with nutrients [27, 28] .
Food Consumption
One of the critical issues in food consumption is the excessively high ratio of industrially-produced meat in the Western diet. Next to health issues associated with consumption, such production systems are a heavy burden on the environment due to high nutrient and energy demands, greenhouse gas emissions and other pollutants. For instance, the embodied phosphorus of meat products is estimated to be three times higher than that of vegetal products [29] .
However, it is not easy for a consumer in a modern world to make more sustainable choices. On the one hand, the trend towards rationalization and convenience has enabled consumers to make choices on a routine level without sparing much thought. Therefore, many consumers are not aware of the entire food chain, the various actors involved, and the moral implications associated with their decisions. The setting in which people currently make their routine food choices is not conducive to more sustainable consumption patterns.
Moreover, food consumption patterns are linked with people's value orientations, emotions, personal and collective identity, traditions, and food culture. The consumption of meat is, for example, bound to particular framings of masculinity and is also linked to ethnicity [30] . Many people also feel that dietary choices are a private matter, and that their freedom of choice living in a pluralistic society would be impinged upon by governmental dietary recommendations. This makes it extremely challenging to instigate desired changes on a systems level.
Food Waste and Surplus Management
Food surplus is edible, discarded food that is abandoned intentionally, has been removed from sale from e.g., a grocery store, or otherwise fails to be consumed due to various reasons. Food surplus becomes food waste when it becomes inedible. Food waste is unnecessary waste, which could have been avoided if the food was prepared or preserved, or if inedible waste was otherwise utilized. Food waste occurs at all stages of the food supply chain, from the initial farming stage, through manufacturing/processing, to retail and consumption. In low-income countries, most losses occur during primary stages of production but high-income countries frequently waste over 40% at the consumption stage [5] . The estimates of food waste differ throughout literature depending on the definitions and what is counted. Lundqvist et al. [31] estimate that as much as half of the food is wasted before and after it reaches the consumer. According to Stuart [4] approximately 30%-50% of edible material intended for human consumption (including animal material that is intentionally fed to animals or is discarded as byproducts), is wasted in North America and the EU at different stages of the food supply. FAO report states that 30% of edible food produced for human consumption gets lost or wasted globally throughout the whole supply chain [5] . Even considering the lowest estimates, the losses are still vast. They occur for various reasons at different stages, and are distributed differently between the developing and developed countries [31] . Overall, food wastage is higher in developed countries than in the developing. In the developing countries food losses and waste occur mainly in the production stage due to technological reasons, such as poor harvesting procedures and technologies, poor storing conditions, and inefficient transportation and logistics. Whereas in developed countries up to 40% of losses occur at the consumption stage [5] . This paper focuses on the losses at the consumption stage (retailer and household level) due to such reasons as e.g., consumer behaviors, unsustainable diets, and food standards.
The food waste problem also has environmental implications. An example of impacts related to food waste disposal include the problem of landfilled food waste producing extra methane during decomposition. In addition to that, unclaimed or surplus food waste has embedded greenhouse gas emissions that arise during the whole food supply chain, from production to processing, transportation, storing, distribution and retail [32] .
Potential Solutions for Transition at Different Stages in the Food System
Circular economy offers solutions in moving towards a sustainable food system. Potential solutions are discussed for food production, consumption, and waste management. The circular economy aims at using materials first as products, then as re-used/recycled materials and, finally, as energy. It aims to close the loops at the smallest possible cycles and use a minimal amount of auxiliary inputs, such as energy, in the process.
For sustainability transition, both infrastructures and technologies, as well as citizens' competencies, practices, and world views, need to change [11, 12] . The potential solutions identified in this paper related to nutrient cycling include recovering nutrients from manure, recovering and reusing nutrients in sewage sludge, cascading use of materials, as well as supporting local farms and de-specialized agricultural holds (Table 1) . Solutions related to citizens and consumers often take the role of experiments and include community supported agriculture, different strategies towards shifting to a more plant-based diet, and education on food waste minimization. These policies also contribute to better food waste and surplus management. In addition, various institutional barriers can be re-envisioned to reduce food waste and surplus (e.g., food quotas and standards, redistribution of unclaimed food). Food consumption -Educate consumers about food, food chains, effects on environment, sustainability, waste management and packaging -Promote sustainable consumption habits through campaigns, awareness and educational programs -Address excessively high meat consumption by promoting plant-based diets, "less but better meat" strategies or meatless days -Introduce more rigid control over labelling and claims -Demand more transparency, proper labelling and information about the product and sustainability of its production processes and raw materials (e.g., carbon footprint) -Vegetarian day is an established practice in Helsinki's schools: once a week only vegetarian school meal is offered to students. -"Less but better meat" is a strategy that promotes consuming smaller portions of meat obtained from extensive production, such as organic or free-range. -"Dumpster diving" is a radical experiment where mainly young people collect free food that has been thrown out by supermarkets. but is still edible Table 1 . Cont.
Food System Stage Policies and Solutions Examples of Experiments
Food waste and surplus management -Promote sustainable food production and consumption practices throughout the whole food supply chain -Close material loops at every stage possible -Support local energy production using manure from farms as local energy source or composting of bio-waste to produce gas locally -Revise food standards ("ugly" food is not waste!) -Revise possible market distorting quotas and subsidies -Support businesses which apply such practices as industrial symbiosis, re-furbishing, re-manufacturing, work in cascades, etc.
(through tax incentives or other economic instruments) -
Remove legal barriers at the institutional level in order to ease the redistribution of unclaimed food -Support consumers' sustainable choices in packaging, deposit-and-refund schemes and recycling -Regulate packaging in a way that balances rules of packaging, prolonged shelf-life and health issues -Cascades -creating added value from material considered as waste (e.g., coffee growing: berry is consumed by people, the remaining can be used for growing mushrooms that can be sold as food, the left over can be fed to animals and mushroom roots can be used to create mycelium packaging. Animals produce manure and bacteria, which can be used to produce biogas). -Biogas production and deriving nutrients from food waste. -Ban for supermarkets on throwing away food waste (e.g., recent ban in France where supermarkets are obliged to pass food waste onto charities instead of dumping).
At all levels Support the development of local experiments into mainstream practices at all stages of food supply chain
Food Production
Since nutrient flows impact multiple users and sectors, regulation of nutrient flows should be conducted using a cross-sectoral approach. Circular nutrient use in the food sector includes the following processes and actors: in the agricultural sector the farmers are the nutrient-users; in the waste sector wastewater treatment plants concentrate and recover nutrients; in the energy sector biogas plants produce energy and recycled nutrients; in the food markets the consumers are the final users of foods; and in urban planning the sanitation and waste systems determine how nutrients can be managed in the society safely.
As regulating nutrient flows is complex and multi-tiered, a need to create a coordinated and comprehensive policy package at the EU level exists. This should take into account both the whole nutrient flow, as well as policies for all crucial nutrients (P in particular). A sustainable regulation would consider the problem of nutrient imbalance between different countries. Solutions for this could be e.g., introduction of raw material origin passports and certificates of extraction and sustainable management that would indicate the sustainable source of the substance (e.g., P). The raw material passport could be e.g., a label informing the consumer about the origin of fertilizer-P in the food product, thus enabling consumers to choose products with recycled P. This is in accordance with Schröder et al. [22] , who demonstrate a need for new policies to ensure that all P exported from agricultural farms should be compensated by P recovery from waste streams instead of using P mined from phosphate rock. More focus and incentive should also be given to nutrient recovery and recycling practices and technologies, which should be encouraged as a partial substitution for the import of nutrients. An integrated system framework will allow us to identify the overall flow of P through the ecological and human systems and help to identify the hotspots, where efficiency and reuse of P can be improved and how this should be reflected in the development of technologies and policies on different scales and in various sectors [33, 34] .
Pagotto et al. [35] note in their analysis of resource potential and efficiency in the Australian agri-food sector that the inherent complexity of increasing cross-sectoral efficiency and recycling requires sound policies and an environmental-oriented approach, as well as stakeholder engagement in all sectors of the supply chain. Localized food systems are one area of interest within the circular economy. Food miles and supply chain length, as well as food quality, equity, and security are at the forefront of efforts for promoting local foods systems. Strengthening of local food systems is seen as a way to increase sustainability of food systems [36] , and the European Union [37] and individual countries (e.g., Finland) are implementing local food strategies. Localized food systems have strong potential for increased environmental sustainability through nutrient cycling and waste reduction. For example, combining local and seasonal elements in short-supply chains ("local foods") reduces storage and transportation while providing better demand-supply balance, which contributes to food waste prevention [37] . Sustainability and food security are enhanced in localized food systems through specializing in regional products, and European studies have noted that consumers place a higher value on food purchased in local markets, which in turn has a positive impact on consumer wastage [37] . Tracking and transparency benefits from a shorter production chain, and this may contribute to food safety and accountability.
While local foods initiatives provide interesting examples of experiments in circular food economy, it is important to remember that the sustainability of any food system is contextual and dependent upon ecologically sound farming practices [37, 38] .
Additionally, localized farming networks should be supported through various tools as they help tackle the issue of increasing nutrient imbalance, provided that nutrient recovery and recycling practices are taking places as a substitute (at least partial) to import.
Food Consumption
The theory of socio-technical transitions contributes to our understanding of changing food consumption patterns, because it focuses on the need of a bottom-up transition rather than superimposed changes. Experiments that evolve within a particular society will be in line with the socio-cultural background and are more likely to have the potential to become mainstream. Additionally, the emphasis on learning and competence development is an important contribution of this theory, as research shows that the shift toward a less meat-centered diet necessitates a new set of competences in preparing healthy meat-free meals [30] .
Thus, consumers play an important role in the transition towards circular economy through making more sustainable choices and promoting them further. They need to support sustainable policies, and sustainable experiments, which will result in upscaling of some of the initiatives. Pace of the transition is influenced by private consumers, as well as larger actors, such as the hospitality industry and municipal or state services (schools, hospitals, care homes).
Certainly, awareness campaigns will contribute, but they are not enough to reach out to the entire population. Additionally, regarding the individual consumer, it is necessary to address the "food environment" that people live in. To this end, supermarkets, food service, and public catering need to be involved in efforts to increase amounts and attractiveness of plant-based foods and to decrease, for example, portion size of meat being served. Studies show that different consumer groups can be targeted with policy efforts promoting "meatless days" and those strategies promoting "less but better" meat [39] . A promising example of policy efforts to promote healthy and more environmentally friendly eating patterns is the "Nordic diet". The idea was to translate health-promoting dietary recommendations into practical recommendations tailored to regional circumstances, which may help to preserve cultural diversity, is locally oriented, and culturally appropriate [40] . Instead of industrially-produced meat from farmed animals, the Nordic diet emphasizes the consumption of native fish and other seafood, as well as wild and pasture-fed land-based animals [40] . Such models address food consumption patterns as a whole in the context of health and environment, while proposing food styles that people can identify with because they are regionally and culturally embedded. They are also suitable for communicating about food choices while being sensitive to gender and ethnicity [41] .
In order to support consumers in making sustainable food choices it is also necessary to educate them on labelling and to create increased transparency regarding the degree to which these are controlled and trustworthy. However, studies have shown that it is mainly well-informed consumers who tend to make healthier and more sustainable decisions already that pay attention to labels and are influenced by information campaigns. Therefore, policy efforts should be increasingly directed at using levers that influence contextual factors and create an environment-above and beyond the level of individual products-that is conducive to making healthier and more sustainable food choices.
Food Waste and Surplus Management
The major measure for food surplus reduction is prevention, followed by the re-use of surplus food for human consumption for people affected by food poverty, through redistribution networks and food banks. Studies suggest reducing food surplus throughout the whole food supply chain as a prevention measure for food waste [32] . Regarding food waste, it is necessary to differentiate between avoidable and unavoidable food waste, as this determines the priorities and ways of management and prevention. In cases of avoidable food waste, the main measures are prevention, followed by treatment of generated waste through recycling into animal feed and composting [32] .
Currently the policies addressing food waste are situated in the waste management arena. In order to move away from end-of-pipe solutions to a more holistic approach, the concept of sustainable consumption and production needs to be integrated across all the relevant sectors, such as agriculture, food processing, retail, and waste management. On the production side, technological advances have been successful in reducing food waste, especially in developed countries. Material flows need to be closed, and both the introduction of new material into the system, as well as the exclusion of circulating material as waste, needs to be minimized. For example, localized food networks contribute to this ideology by offering simpler and more easily controlled systems. Such systems are associated with sustainability, food security, and food safety. Collected organic waste can be composted and used in agriculture, or used for anaerobic digestion in biogas production.
The quality standards of food, e.g., sizes, colors and shapes of vegetables, fruits, and berries should be re-evaluated ("ugly" food is not bad food).
Similarly, quota limits and subsidies should be revised at least partially according to consumption volumes and with the aim to avoid creation of incentives that drive farmers to produce crops which (1) are not necessarily most-needed from the point of view of the food production system; (2) are not sustainable from the point of view of the land productivity in the long run; or (3) are more efficiently farmed in other places.
In retail, policies regarding food labelling (e.g., "best before" and "consume by" dates) need harmonization and clarification to prevent avoidable waste. Finally, food safety regulations should reconsider the balance between safeguarding public health and unnecessary food waste and, thus, remove barriers associated with legal liabilities during the redistribution of food surplus. Incentives are needed to encourage producers and retailers to redistribute unwanted/unclaimed food. In food processing, policies promoting industrial symbiosis can further reduce food waste. In households, more education and awareness is needed for people to utilize food going to waste.
It is also necessary to consider the obstacles when shaping solutions for food waste reduction and prevention. Such aspects can include infrastructure (e.g., waste water treatment center may not be designed for P recovery), geographical challenges (e.g., distance between the dairy farms and field crop farms which makes transporting manure to the field unsustainable through high CO 2 emission), as well as institutional structures and regulations.
Mainstreaming the Experiments
Some circular economy solutions may well remain fads that are soon forgotten, or niches that become established in their small social circle but have little influence on the mainstream. Some, however, have potential to be upscaled to mainstream practices. Promising experiments and the potential ways in which they challenge or change the mainstream can be identified when they fulfill certain conditions. For example:
‚ Do niche modes of circular consumption manage to change consumers' expectations (e.g., creating an expectation that food is always traceable or that organic food should always be available, thus influencing mainstream business)?
‚ Do niche modes of circular consumption manage to attach to some established practices or institutions (e.g., "vegetarian day" in Helsinki school catering, or new rules for food donation)? Whereas it is difficult and ambiguous to measure how the experiments influence the whole system, it is still possible to look at some indicators. Such indicators could relate to closing the loops in food systems and measure the amount of food waste produced and the amount of waste re-used, the amount of nutrients wasted and amount of nutrients recovered for further use, etc.
Conclusions
HENVI Science Day covered key issues for developing agricultural production, food consumption, and food waste management towards a more circular economy. Our findings are in line with previous literature showing that, besides innovative technologies and food waste reduction, circular economy sustainability solutions include supporting local food supply chains with less waste, closing nutrient loops, pricing the true cost of resource consumption and losses in natural capital, and creating policy mechanisms to promote recovery and reduce loss of critical raw materials in particular [42] .
Such insights by themselves are not novel; many of the proposals are in use already or the problems well recognized. However, circular economy provides a framework in which society can create cross-sectoral policy to support varied initiatives in different "parts of the circle" for the ultimate goal of breaking away from the linear and extractive model to a more sustainable mode of production and consumption. In our examples of P, meat consumption, and production-supply-disposal chains, we illustrate the types of linkages that must be considered, and the gaps that must be closed, to achieve circular economy within the agriculture and food sectors. The theory of socio-technical transition offers insights on how certain experiments on the way to circular economy in the food system can be upscaled to established practices.
